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Abstract
The protective properties of osmolytes have been studied intently for decades. Originally
used to aid in the crystallization of proteins in x-ray diffraction studies, these cosolvents
have been shown to reverse protein denaturation and aggregation. Osmolytes aid
extremophiles in surviving harsh environments by preferentially excluding themselves
from the surface of the protein, thus directing water molecules to the protein’s surface.
These osmolytes are naturally found in many health foods and also in many daily use
products such as shampoo. Due to their osmoprotective effect their use in everyday
consumer product is increasing. Consumers also supplement their diets with thiol-based
antioxidants such as glutathione as part of a healthier life style. However, thiol-based
antioxidants in high concentration have been known to cause un-intended health issues
that relates to its disulfide reducing property. The disulfide-reducing agent can cleave the
protein’s disulfide-bonds and promote misfolding and aggregation. In this thesis, we
investigated the influence of commonly consumed glycine-based osmolytes on providing
stability to proteins against a disulfide-reducing agent. We chose glycine, sarcosine (Nmethyl glycine), di-methyl glycine (DMG), and betaine (N,N,N-trimethylglycine) with
increasing number of methyl groups. An added benefit to studying this class of osmolytes
is to also investigate the impact N-methyl substitution has on the osmolytes’ protective
properties. We studied the effect of these osmolytes on protein aggregation using
spectroscopic techniques such as UV-visible absorbance, intrinsic fluorescence, and
extrinsic fluorescence measurements. In addition, we carried out non-reducing SDSPAGE to check for higher order aggregates and characterized morphology of these
7

aggregates using scanning electron microscope. Overall, our results show that of all the
osmolytes used, glycine was the best stabilizer followed by sarcosine. Betaine and
dimethylglycine did not provide effective protection against disulfide-reducing influence.

1. Introduction
To better cope with environmental stresses such as high salt concentrations, extreme pH
(acidic or alkaline conditions), and high temperatures etc. plants and micro-organisms
accumulate low molecular weight compounds known as osmolytes1-5. The most common
osmolytes are small organic or inorganic compounds like polyhydric alcohols (polyols),
sugars, amino acids, salts, and their derivatives2-7. These osmolytes have been selected by
nature and normally, do not affect enzymatic activity, are electrically neutral, and are
preferentially excluded from the vicinity of cellular components so as not to affect
biological processes2 4 8 9. At high concentrations these osmolytes are known to stabilize
proteins by preferential hydration (a process by which osmolytes are excluded from the
protein surface, structure the water molecule around protein, leading to protein
stabilization; Figure 1.1)10-15. The osmolytes modulate protein stabilization by an intricate
interplay of protein, water, and cosolvent interactions. The amount of water that is in
constant flux, perturbing and being perturbed by the protein is termed water of hydration,
WH.16 The amount of water molecules in contact of the protein is termed, water of
preferential hydration, WPH. This value can fluctuate if either the surface area of the
protein changes or if another molecule is introduced into the solvent system. Several
mechanisms for stabilization of proteins by preferential hydration in the presence of
8

osmolytes have been proposed: 1.) due to increase in ‘surface tension’ (cosolvents are
excluded from the protein-solvent interface, creating a cavity, leading to stabilization of
proteins) e.g. sugars, polyols, salts, amino acids4 10 11 12 17-25 2.) due to ‘solvophobic
effect’ (increase in tendency of cosolvents to move away from water molecules and
strengthen hydrophobic interaction) e.g. glycerol, TMAO11 12 17 24 25, and 3.) by ‘steric
exclusion’ (depends upon the size of the cosolvent, that affects how close the compound
can get to the protein surface region immediately surrounded by water) e.g. betaine13.
To better understand how these cosolvents can lead to stabilization or can adversely
affect stability (e.g. by binding and denaturing proteins), at the interplay of protein-water
or protein-cosolvent interaction. The balance between cosolvent—protein-backbone
interaction (leads to protein destabilization) or amino acid side chain—solvent interaction
(leads to protein stabilization) determines the overall protein stability. If a protein
becomes denatured, the surface area of the protein is modified and will thus change the
water of preferential hydration. In a ternary solvent system, each locus of the protein
surface area will be in contact with either the primary solvent (most concentrated solvent,
usually water in biological systems) or with a cosolvent. These cosolvents can be either
beneficial or detrimental to the protein’s native state. A cosolvent can either increase the
water of preferential hydration, thus making the protein more stable and rigid; or decrease
the water of preferential hydration and cause the protein to precipitate out of the solution.
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If conditions
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Hydrated
Protein (WH)
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Cosolvent exclusion
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Water
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Figure 1.1. Mechanism for stabilization/destabilization of a protein molecule through
cosolvent interaction. If cosolvent has little or no effect on the stability of the protein,
then solvent and cosolvent evenly distribute across the protein surface. If the cosolvent
does not favor interaction with the protein, it is excluded and structures water around the
proteins surface. If the cosolvent, interacts favorably with the protein, it binds excluding
water from the proteins surface. Adapted from Timasheff S.N. 2002.26

Cosolvents that promote preferential hydration and stabilize the protein’s native state are
called osmolytes, while cosolvents that decrease the preferential hydration are called
denaturants. The most commonly used denaturants are urea and guanidinium
10

hydrochloride. These compounds cause denaturation of proteins by interacting favorably
with the protein’s backbone, dislodging the water molecule, thus decreasing preferential
hydration.27 The process by which water molecules are excluded and the cosolvent
interacts with the protein surface area is called preferential interaction. Preferential
interaction is the direct opposite of preferential hydration. Osmolytes on the other hand
promote proteostasis by undergoing solvent exclusion, thus causing more water
molecules to come into contact with the protein surface, thus increasing preferential
hydration. This mechanism makes the protein more rigid; one consequence of such
rigidity can be reduction of enzymatic activity if the osmolyte concentration is high.28
The balancing act between preferential hydration and preferential interaction of cosolvent
or ligands can be represented with the following equilibrium equation.29
P·nH2O + L ՞ P·L + nH2O
Whenever a ligand molecule interacts with a protein, water is displaced. Osmolytes will
shift the equilibrium to the left while denaturants will shift this equilibrium to the right.
These molecules have been widely used for many years to aid in protein crystallization as
well as preservative for proteins.30 Investigation into the protective properties of these
osmolytes on proteins have been a major focus of research for decades. With a better
understanding of how these osmolytes provide protection, different additive formulas or
synthetic osmolytes can be designed, thus allowing for major contributions to several
pharmaceutical and biotech industries. Osmolytes can be used to stabilize therapeutic
proteins in the drug industry. Therapeutic proteins such as insulin, are small and only
stable in vitro for short periods of time.31 By increasing the shelf life and thermal stability
11

of therapeutic proteins, the cost of production, storage, and shipping would decrease, thus
allowing for a more cost effective and consumer affordable medication.32 33 This use of
osmolytes can be expanded to help improve the handling of proteins in a laboratory
setting.
Osmolytes affect our everyday life as these are used as stabilizers in consumer goods
such as foods, shampoos, toothpastes, and topical medications. Health foods, such as
quinoa, spinach, fish, and whole grain products contain a significant amount of
osmolytes. These osmolytes are found naturally in these food products at relatively high
concentrations, and survive the baking process as these are very thermostable. Regardless
of diet or lifestyle, many consumers enjoy the benefits of these osmolytes in everyday
products that they use or consume regularly.
Extremophiles such as bacteria residing in deep sea thermal vents have also been
observed to be stabilized by inorganic osmolytes.34 These organisms live in extreme
environmental conditions that is harsh and can affect proteins in their cell system. High
pressure, temperature, salinity, and pH environments are detrimental to a proteins native
structure. These osmolytes preferentially hydrate the protein protecting it from the harsh
conditions and hence prevent its denaturation and/or loss of function. This
osmoprotective role of these cosolvents has been the central focus of research in
biotechnology, pharmaceutical, and academia. The goal is to increase shelf life of
everyday use items such as toothpaste, shampoos and of food and medicine.
As people are becoming more health-conscious, everyday use of ‘over-the-counter’
vitamins and supplements are on the rise. Use of antioxidant supplements into everyday
12

diet for either general health improvement or bodybuilding is becoming increasingly
popular. Many of these antioxidants are thiol-based and are naturally occurring in the
human body e.g. glutathione, N-acetylcysteine, cysteine, and lipoic acid. These
commonly used thiol-based antioxidants are easily available as ‘over-the-counter’ natural
supplements. These compounds can attack conserved disulfide-bonds on proteins, leading
to its destabilization.
Reduction of disulfide bonds can affect protein stability due to loss of anchoring effect of
disulfide bonds in proteins making them more flexible and mobile.35 This increase in
structural flexibility (degrees of freedom), causes rearrangement of water molecules in
contact with the protein surface promoting protein misfolding. As a consequence,
hydrophobic amino acid residues that are normally buried within the bulk (core) of the
protein become solvent exposed. This makes the protein more hydrophobic (decreasing
the water of preferential hydration), making it sticky which can promote self-interaction
and aggregation. In cells, it can lead to aberrant interactions with other proteins or
cellular constituents. Studies involving muscle recovery and long term use of thiol-based
antioxidants show that skeletal muscle recovery is decreased significantly when such
antioxidants are taken consistently.36 37 These thiol-based supplements can increase the
concentration of natural disulfide reducing agents in the body that may have a deleterious
effect.
Health foods such as quinoa, spinach, and wheat bread have been on the rise and are
encouraged to incorporate into a healthy diet for various nutritional benefits. Some health
fanatics as part of healthy lifestyle, consume high amounts of thiol-based antioxidants in
13

combination with health foods. Studies show that these health food products contain high
concentrations of osmolytes such as betaine and glycine. For example, spinach contains
645 mg/100g, wheat bran contains 1339mg/100g, eggs contains 251mg/100g, and wheat
bread contains 201mg/100g of betaine.38 Osmolytes can prevent the denaturation of
proteins under harsh conditions such as high pH, salinity, temperature, and chemical
denaturants.1-5 Osmolytes have also been shown to reverse aggregation process of
denatured proteins.39 40 Therefore, it will be interesting to study how these glycine based
osmolytes may modulate the overall deleterious impact of thiol-based antioxidants. Since,
glycine-based osmolytes exist in such large amounts in commonly ingested food
products, we wanted to study the protective effect of these osmolytes on proteins against
disulfide-reducing influences.
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2. Goals and Hypotheses
We hypothesized that glycine based osmolytes will provide protection to proteins against
instability promoted by disulfide-reducing agents. The primary goal was to investigate
the influence of commonly consumed glycine-based osmolytes on the stability of proteins
against a disulfide-reducing agent. The disulfide-reducing agent can cleave the proteins
disulfide-bonds and promote misfolding and aggregation as shown in model Figure 2.1.

Figure 2.1. Effect of disulfide-bond reduction on protein unfolding and misfolding.
Cleavage of these covalent bonds cause an increase in freedom of motion of protein
domains, significantly increasing the probability of misfolding and aggregation. The
different color dots and numbers represent Cys residues present on lysozyme that are
disulfide-bonded in native state of the protein.

We chose a series of amino acids, viz., glycine, sarcosine (N-methyl glycine), di-methyl
glycine (DMG), and betaine (N,N,N-trimethylglycine) with increasing number of Nmethyl groups. Glycine has no methyl group, sarcosine has one, DMG has two, and
betaine has three methyl groups attached to the amino terminal. Glycine, sarcosine, and
betaine are naturally occurring osmolytes whereas DMG is a synthetic compound. We
also chose dithiothreitol (DTT), a thiol based reducing agent that is commonly used in
15

protein stability and aggregation studies41. We carried out all experiments at conditions
close to physiological pH and temperature (pH 7.2 and 37 °C) and monitored the proteins
instability and aggregation by several techniques, such as, UV-visible spectroscopy,
fluorescence (both intrinsic and extrinsic), electrophoresis, and scanning electron
microscopy.
The goal of this project was to investigate the real world application of thiol-based
antioxidant supplementation combined with a glycine-based osmolytes (present at high
concentration in many health foods) on the stability of proteins. These experiments are
designed to mimic the influence of consistent consumption of glycine based osmolytes in
a typical healthy diet against the deleterious effects of thiol-based antioxidant
supplementation. Interestingly, there are no reported studies that have looked at the
beneficial effect of glycine based osmolytes against the noxious effect of disulfidereducing agents on protein stability.

2.1. Justification for reagent use
Hen egg white lysozyme was used in this project since it is a well-characterized protein
that behaves predictably in vitro in conditions close to physiological. This allows for
minimal bias and complication in the investigation of osmolytes stabilizing influence in a
disulfide-reducing environment. Lysozyme is a 14.3 kDa 129 amino acid globular protein
containing four disulfide bonds. These disulfide bonds are located between C6-C127,
C30-C115, C64-C80, and C76-C94. The C6-C127 disulfide bond is partially exposed to
16

the solvent, while the other three are buried and not accessible to the solvent (Figure 2.2).
This arrangement allows for studying the protein in a partially reduced and a fully
reduced state. In these two states, the degree of protection these osmolytes provide can be
observed.

Figure 2.2. Structure of lysozyme generated using PyMOL 1.3 and PDB file 1UCO
adapted from Nagendra HG et al (1996).42. Ribbon diagram highlights the disulfide
ERQGV 6í6VDQG-yellow) stick; the tryptophan (dark-teal), tyrosine (firebrick red), and
phenylalanine residues (orange) as spheres. The backbone is shown in gray color.
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Dithiothreitol (DTT) (Figure 2.3) is a thiol-based reducing agent that has been
extensively investigated and the mechanism of its action is well known. This compound
reduces proteins disulfide-bonds through two thiol disulfide exchanges.43 The mechanism
of action is shown in Figure 2.4. DTT was chosen as this reducing agent is commonly
used for protein stability studies at pH 7.2 (near physiological), and has a structure
similar to many thiol-based antioxidants.41 44 45 It is hypothesized that partial reduction of
the protein represents how thiol-based antioxidants may reduce lysozyme in a biological
system. In summary, DTT is well positioned to be used as a reducing agent to investigate
the protective power of osmolytes in an environment close to physiological.

OH
SH
HS
OH
Dithiothreitol

Figure 2.3. Structure of thiol-based reducing agent dithiothreitol (DTT).
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Figure 2.4. Dithiothreitol reduces disulfide bonds through two thiol disulfide
exchanges.

Glycine based osmolytes exist in large amounts in everyday food products such as
spinach, wheat bread, pretzels, and quinoa.46 There is a growing consumer awareness
and demand for healthy diet and lifestyle that has led to an increased consumption of
health food such as quinoa and spinach. As shown in Figure 1.1, osmolytes stabilize
proteins by directing more water molecules to the protein surface. Since previous
studies have demonstrated the stabilizing effects of osmolytes on proteins under
conditions of stress such as pH, temperature, etc., we hope to expand the knowledge
base on the stabilizing effects of osmolytes on the influence of reducing agents on
protein stability. There is a lack of research on the protective effects of osmolytes on
a disulfide reducing stressor. This project provides insight into the stabilizing
potential of glycine based osmolytes against a disulfide reducing influence and offers
19

an insight into the implication of consuming large amounts of these osmolytes in
combination with thiol-based antioxidant supplementation.
An added benefit of studying this class of osmolytes is to investigate impact of Nmethyl substitution on the osmolytes protective properties. It is hypothesized that
glycine has the highest degree of solvent exclusion and thus will offer the strongest
protection potential. This protection potential is also theorized to decrease as the
degree of N-methyl substitution increases. We chose this series, as in addition to
being at high concentrations in health foods providing beneficial effects, we wanted
to know if number of N-methyl groups also played a role. If so, what is the
relationship between number of methyl groups and the relative protection provided by
these osmolytes? The four compounds pictured below, cover the full range of
possible N-methyl substitutions for this class of cosolvents and studying them will
provide a complete view of its influence under physiological conditions.

O

O

N

N
O

O
Betaine

Dimethylglycine

O

O
H
N

O

NH3

O
Sarcosine

Glycine

Figure 2.5. Glycine based osmolytes commonly found in consumer products.
20

An extrinsic fluorescence assay involving the dye 1-anilinonaphthalene-8-sulfonic acid
(ANS) was chosen to monitor changes in hydrophobic exposure of lysozyme as the
protein is exposed to a reducing environment. This dye was chosen as it is a well–
established dye used to determine the hydrophobic exposure of proteins as they misfold.47
The hypothesis, is that the fluorescence of the dye will be lower for proteins that are not
reduced. Therefore, if the osmolytes protect the protein from disulfide reduction, then the
fluorescence should be significantly lower than for the protein samples that were reduced
successfully by DTT.

O
NH O

S

O

1-anilinonaphthalene-8-sulfonic acid (ANS)

Figure 2.6. 1-anilinonaphthalene-8-sulfonic acid (ANS) dye used to assess changes in
proteins hydrophobic exposure as result of denaturation and misfolding.

2.2. Investigate the influence of osmolyte at 0.05M and 1M concentration on misfolding
When a weakly interacting ligand exists in solution at high concentration i.e. 0.2 M to 10
M, then the ligand is considered an equal solvent component to water. At this point the
ligand is considered a cosolvent.48 Studies have shown cosolvents having both positive
21

and negative effect on the proteins native structure depending on the environmental
conditions. For example, betaine acts as an osmolyte at physiological pH but is a
denaturant at acidic pH.49 It is a known stabilizer against thermal stress and shows its
protective property as a result of steric exclusion leading to preferential hydration. A
protein is neutral thermodynamically to the interaction with water. By having a high
concentration of osmolyte in solution (i.e. 1M), we hypothesize that the protein will be
preferentially hydrated due to the solvent exclusion of the osmolyte. The samples were
also enriched with a small concentration of osmolyte (0.05M) in order to determine if the
osmolytes affect stability by direct interaction, since only a small amount of cosolvent
would be required to observe such a destabilizing effect. In these experiments, osmolytes
glycine, sarcosine, dimethylglycine, and betaine were used to assess the effect of Nmethyl substitution on the stabilizing effect of the osmolytes against a reducing
environment at pH 7.2 and at 37 °C.
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3. Materials and Methods

3.1. Material and Sample Preparation
3.1.1. Lysozyme Stock Solution Preparation
All materials were purchased and used as supplied from Sigma unless otherwise
indicated. Lyophilized lysozyme powder was dissolved in 20 mM sodium phosphate
buffer (pH 7.2) and 150 mM NaCl. Lysozyme concentration was determined by UV-Vis
VSHFWURSKRWRPHWU\XVLQJH[WLQFWLRQFRHIILFLHQWİ280nm = 2.64 mg-1 mL cm-1. Protein stock
solutions used for this project had ZRUNLQJFRQFHQWUDWLRQVRIȝM (0.572 mg/mL)
lysozyme, 20 mM sodium phosphate (pH 7.2) and 150 mM NaCl.

3.1.2. Material Preparation
Dithiothreitol solution was prepared by dissolving 38 mg dithiothreitol powder in 500 ȝ/
deionized water, producing a 500 mM final solution. ANS dye was prepared by
dissolving 2.99 mg ANS powder in 1 mL of 100% ethanol. Betaine, dimethylglycine, and
sarcosine working solutions were made by preparing a 3 M stock solution; then filtering
through a 0.45 ȝPPHPEUDQHEHIRUHXVLQJ*O\FLQHZRUNLQJVROXWLRQDs prepared
similarly by preparing 3 M solution at 40 °C then it was filtered while warm to prevent
crystallization.
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3.1.3. Sample Preparation
Lysozyme sample solutions were prepared in nine different compositions in order to
investigate the protective capability of glycine based osmolytes against thiol based
antioxidants. Each solution consisted of 70 ȝ/ of 200 mM sodium phosphate buffer at pH
7.2, 27 ȝ/RI ȝ0O\VR]\PHZRUNLQJVROXWLRQHLWKHU ȝ/RU ȝ/RI M
osmolyte, either 0, 1.4, or 14 ȝ/ of dithiothreitol and diluted to 700 ȝ/ZLWKGHLRQL]HG
water. This produced a set containing nine different sample solutions. These sets were
incubated for either 0, 0.5, 1, 2, 4, 24, 48, or 168 hours. This setup was repeated for each
osmolyte, either betaine, dimethylglycine (DMG), sarcosine, or glycine).

3.2. Experimental Setup and Protocol
The following methods were used to investigate the rate of protein unfolding, misfolding,
and aggregation of lysozyme caused by DTT, a thiol-based reducing agent in a glycine
based osmolyte protected environment at pH 72 and 37 °C.

3.2.1. UV-Vis Turbidity Assay
Optical density measurements were taken using a PerkinElmer Lambda 35 UV/Vis
spectrometer. Protein samples were incubated at their indicated time according to section
3.1.3 and a visible spectrum of each lysozyme sample was acquired between 380 to 700
nm. Each sample was mixed well via pipetting before measurements. Milli Q water was
used in the reference cell. Absorbance measurements of each sample assayed was plotted
24

as incubation time vs. optical density at 600 nm. Absorbance values (pertaining to the
same osmolyte) were divided by the largest absorbance value. This provided a percentage
of protein denatured. The data sets were then normalized to incubation time vs. fraction
denatured. All measurements were performed in triplicates.

3.2.2. Water Raman Spectrum
Before every fluorescence experiment, a water Raman spectrum was taken using MilliQ
water. Fluorescence emission spectrum was taken between 365-450 nm with excitation at
350 nm. Emission and excitation bandwidths were both set to 5 nm. This was used for
normalization of fluorescence data acquired on different days to avoid instrument
variability.

3.2.3. Intrinsic Fluorescence Assay
Fluorescence experiments were performed using a Horiba Jobin Yvon spectrofluorometer
(Fluoromax-4). Protein samples were incubated at their indicated time according to
section 3.1.3. Intrinsic fluorescence emission spectra of the lysozyme samples were
collected between 285-450 nm with excitation at 280 nm. Emission and excitation
bandwidths were both set to 2 nm. The data was plotted at 345 nm as incubation time vs.
counts per second divided by 1000 (CPS/1000). All experiments were performed in
triplicate.
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3.2.4.. ANS Extrinsic Fluorescence Assay
Immediately after collecting intrinsic emission spectra, 5 ȝ/RI 1-anilinonaphthalene-8sulfonate (ANS) was added to each protein sample and was incubated on ice and in
darkness for 15 minutes. Fluorescence emission spectra were collected between 400-700
nm with excitation at 385 nm. Emission and excitation bandwidths were both set to 2 nm.
Fluorescence measurements were plotted at 345 nm as incubation time vs. counts per
second divided by 1000 (CPS/1000). All experiments were performed in triplicates.

The following methods were used to investigate the hydrodynamic volume and the
morphology of lysozyme after denaturing in an osmolyte stabilizing environment. These
methods were used to provide evidence of the formation of high molecular weight
species as well as provide insight into whether osmolytes influence disulfide scrambling.

3.2.5. Non-reducing SDS PAGE
Lysozyme samples containing 1 M osmolyte and 1 mM DTT were chosen for nonreducing SDS PAGE. These samples were incubated for either 4 hours or 48 hours at 37
°C. Then the samples were incubated with 5 mM iodoacetamide for two hours at room
temperature to block any free –SH groups. These samples were then mixed with sample
buffer (that has all the components of traditional SDS-PAGE except the reducing agent)
and boiled for five minutes. A 12% SDS gel was cast and pre-run for 30 minutes before
loading samples. Samples were loaded into the gel at 8.5 μg/lane and gel was run for two
26

hour and fifteen minutes at 80 V. Samples containing 0 M osmolyte with 0 mM DTT
with 0 incubation time and samples containing 0 M osmolyte with 1 mM DTT incubated
at either 4 or 48 hours were used as controls.

3.2.6. Field Emission-Scanning Electron Microscopic Imaging
Aggregate samples were prepared using a similar protocol to previous published work
from our research group41. In order to remove osmolytes and low molecular weight
species, the samples were diluted by a factor of ten, washed with distilled water three
times (45 minute cycle each), aliquoted on Millipore Amicon Ultra centrifugal filters
(3000 Da cutoff) and centrifuged at 7000 g at 4 °C. The samples were then aliquoted and
allowed to dry on SEM stubs at ambient temperature. Samples were then sputter coated
with 10nm of platinum. Each sample was imaged using a Hitachi S-4700 cold field
emission high-resolution scanning electron microscope with an accelerating voltage of 5
kV and an emission current of 10 ȝ$.
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4. Data and Observations
In this project, protein samples were observed using UV-vis absorbance to determine the
formation of aggregates and its associated kinetics. Do the osmolytes provide long term
protection or only short term? Intrinsic fluorescence measurements were used to monitor
the protein misfolding in presence of disulfide reducing agent. As the disulfide bonds
reduce, the aromatic amino acids become surface exposed affecting their fluorescence
properties. This can be monitored by shift in the wavelength with change in local
environment of the amino acid (from non-polar (hydrophobic protein core) to polar
(exposed to water/solvent)). ANS is an extrinsic fluorophore and provides information
about protein misfolding, hydrophobic exposure and protein aggregation. The differential
response observed in presence of osmolytes provides insight into their individual
protective influence on protein incubated in specific set of conditions. Non-reducing SDS
PAGE provides information on formation of high molecular weight protein species that
may be a result of disulfide scrambling. Depending upon the samples incubated in
presence of different osmolytes we expect to see variability in the different high
molecular weight bands on gel. Scanning electron microscopy was used to characterize
the morphology of these aggregates and see if the osmolytes affected the morphology or
kinetics of aggregate formation. We acquired the data in presence of 0 M, 0.05 M, and 1
M of each osmolyte in presence of 0 M, 1 mM, and 10 mM of DTT at pH 7.2 and at 37
°C. However, in the main section we only included data for protein samples in presence
of 1 mM DTT. Data for 0 mM and 10 mM DTT are available in the Appendix section.
We did this for the following reasons: 1) 1 mM DTT is a mild reducing conditions that
28

maybe equivalent of concentrations reached with overuse of over-the-counter thiol-based
antioxidants, 2) We expected to see variability in protective power of osmolytes under
conditions that are relatively mild.

4.1. UV-Vis Turbidity
UV-vis absorption of protein at 600 nm in presence of 1 M glycine showed a significant
difference in absorbance compared to 0.05 M and 0 M glycine as shown in Figure 4.1.
The absorbance remains relatively flat and stable throughout the 168 hours of
observation, suggesting protection from aggregation. Lysozyme containing 0 M and 0.05
M glycine exhibited very similar misfolding and aggregation rates; the fraction denatured
lysozyme increased rapidly for the first 24 hours then absorbance was stable for the rest
of the 168 hours. This suggests failure of glycine to protect lysozyme at 0.05 M
concentration. The fraction denatured lysozyme increases minimally in presence of 1 M
glycine in 1 mM DTT sample up to 24 hours. Glycine shows long term protection
potential throughout the course of 168 hours of incubation.
Sarcosine enriched samples followed a near identical trend to that of glycine enriched
samples. In Figure 4.2, lysozyme at 1 M sarcosine and 1 mM DTT showed no turbidity
for the first four hours of incubation while the 0.05 M and 0 M both at 1 mM DTT
showed gradual increases in turbidity. Sarcosine showed protective effect for lysozyme
samples similar to that seen with glycine (Figure 4.2).
In Figure 4.3, 1 M dimethylglycine showed protection from aggregation in the first 4
hours, then the lysozyme showed increased aggregation with time that was very similar to
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samples with 0 M or 0.05 M of DMG. The overall fraction denatured lysozyme is slightly
lower for samples containing 1 M DMG compared to protein samples having 0 M or 0.05
M DMG; thus showing a limited protecting potential at 1 M concentration of DMG.
Surprisingly, betaine did not show any protective effect on disulfide reduced proteins
even at 1 M concentration (Figure 4.4). This osmolyte was the least protective when
compared to other osmolytes under same conditions. There was no difference in turbidity
between the 0 M, 0.05 M, and 1 M betaine enriched samples (Figure 4.4). This trend was
consistent throughout the 168 hours of incubation.
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Figure 4.1. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT
for the indicated periods of time. The plot for 4 h incubation is shown below the 168 h
incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure 4.2. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM
DTT for the indicated periods of time. The plot for 4 h incubation is shown below the 168
h incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure 4.3. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing
1mM DTT for the indicated periods of time. The plot for 4 h incubation is shown below
the 168 h incubation. Fraction of protein denatured was determined by UV-vis
absorbance at 600 nm. Error bars indicate ±SEM.
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Figure 4.4. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT
for the indicated periods of time. The plot for 4 h incubation is shown below the 168 h
incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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4.2. Intrinsic Fluorescence
In Figure 4.5, the intrinsic fluorescence for samples at 1 M glycine concentration was
noticeably lower than that for proteins incubated in presence of 0 M or 0.05 M glycine.
There was no perceptible difference in fluorescence for the samples in 0 M or 0.05 M
throughout the 168 hours. The difference in intrinsic fluorescence for lysozyme samples
at 1 M glycine compared to proteins incubated at 0 M and 0.05 M glycine was more up to
48 hours of incubation and that gap decreased upon longer incubation.
Protein samples containing sarcosine showed similar trend as that observed for samples
containing glycine but still showed a little more protection for protein at 1 M
concentration compared to glycine (Figure 4.6). The peak cps value for samples
containing 1 M sarcosine stayed consistently low while the fluorescence increased
gradually for the samples containing 0 M and 0.05 M sarcosine. After 48 hours, the
samples showed a consistent decrease in fluorescence for the length (168 hours) of the
incubation.
Samples containing dimethylglycine showed a noticeable difference in fluorescence for
samples with 1 M DMG compared to samples with 0 M or 0.05 M DMG (Figure 4.7).
This pattern remained consistent throughout the duration of the 168 hours incubation
period (Figure 4.7).
Again no difference in fluorescence of samples incubated in presence of betaine was
observed (Figure 4.8). This indicates that betaine has no osmoprotective effect on

35

proteins incubated in its presence. This indicates that betaine is unable to stabilize the
protein against reducing influence where both glycine and sarcosine are effective.

Figure 4.5. Intrinsic fluorescence measurements for lysozyme in presence of glycine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure 4.6. Intrinsic fluorescence measurements for lysozyme in presence of sarcosine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure 4.7. Intrinsic fluorescence measurements for lysozyme in presence of
dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the
indicated periods of time at 37 °C. Fluorescence emission spectra was collected from
285-450nm with excitation at 280nm. Peak intensity at 346 nm were plotted as a function
of time. The plot for 4 h incubation is shown below the 168 h incubation. Error bars
indicate ±SEM.
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Figure 4.8. Intrinsic fluorescence measurements for lysozyme in presence of betaine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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4.3. ANS Fluorescence
In Figure 4.9, proteins in presence of 1 M glycine showed a decreased emission only in
the first 4 hours compared to samples incubated in presence of 0 M or 0.05 M glycine.
Interestingly, upon longer incubation there was not much difference in emission peak of
samples at 168 hours of incubation irrespective of the concentration of glycine.
Sarcosine shows a measurable protection for proteins incubated in presence of 1 M
osmolyte compared to proteins incubated with 0 M or 0.05 M osmolyte (Figure 4.10).
This result is in line with other measurements done (intrinsic fluorescence and UV-visible
turbidity assay) for samples containing sarcosine.
The ANS binding for samples in presence of DMG did not vary much with change in
osmolyte concentration (Figure 4.11). In contrast, the turbidity data and intrinsic
fluorescence data for DMG showed a protective effect at 1 M concentrations of osmolyte.
Again proteins incubated in presence or absence of betaine (Figure 4.12) did not show
any difference in ANS fluorescence suggesting betaine do not protect proteins against
reducing influence.
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Figure 4.9. ANS was used to monitor increase in hydrophobicity as a result of lysozyme
misfolding and aggregation. ANS fluorescence measurements for lysozyme in presence
of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the
indicated periods of time at 37 °C were carried out. Fluorescence emission spectra was
collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure 4.10. ANS was used to monitor increase in hydrophobicity as a result of lysozyme
misfolding and aggregation. ANS fluorescence measurements for lysozyme in presence
of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the
indicated periods of time at 37 °C were carried out. Fluorescence emission spectra was
collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure 4.11. ANS was used to monitor increase in hydrophobicity as a result of lysozyme
misfolding and aggregation. ANS fluorescence measurements for lysozyme in presence
of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure 4.12. ANS was used to monitor increase in hydrophobicity as a result of lysozyme
misfolding and aggregation. ANS fluorescence measurements for lysozyme in presence
of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 1mM DTT for the
indicated periods of time at 37 °C were carried out. Fluorescence emission spectra was
collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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4.4. Non-reducing SDS PAGE
Non-reducing SDS-PAGE was carried out to check for the presence of high molecular
weight species that may be present in samples incubated in absence or presence of 1 M
concentration of all four osmolytes in buffer containing 1 mM DTT at pH 7.2 and
incubated at 37 °C. Based on spectroscopic data (both UV-visible absorbance and
fluorescence) samples containing 1 M osmolyte were run on gel for 4 hours and 48 hours
incubation times (Figures 4.13 and 4.14). The 4 hours gel shows strong presence of
lysozyme dimers for samples incubated with betaine that are similar to lane of protein
incubated similarly (lane 5) but in absence of any osmolyte (Figure 4.13). Samples
incubated in presence of DMG (lane 9) shows a very faint band for the dimeric species.
Interestingly, no higher molecular weight species were observed for proteins incubated
with sarcosine. Glycine (lane 13) showed a faint band, indicative of dimeric species. For
samples incubated for 48 hours showed very strong dimeric band for samples in absence
of osmolyte (lane 5) and presence of betaine (lane 7), no higher molecular weight species
were observed in presence of DMG (lane 9), and a faint dimeric band for glycine (lane
13) (Figure 4.14). Sarcosine showed increased protection with absence of any dimeric
band even after 48 hours of incubation of protein samples (Figure 4.14).
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Figure 4.13. Non-reducing SDS PAGE of lysozyme samples incubated for 4 h at the
conditions indicated. For samples in different lanes the following incubation conditions
were used: (3) 0 M osmolyte, 0 mM DTT (Fresh control sample), (5) 0 M osmolyte in
presence of 1mM DTT, (7) 1 M Betaine in presence of 1mM DTT, (9) 1 M DMG in
presence of 1 mM DTT, (11) 1M Sarcosine in presence of 1 mM DTT, (13) 1M Glycine
in presence of 1 mM DTT. All samples were incubated at 37 °C for 4 h before preparing
for non-reducing PAGE as detailed in method section. Samples were run on a 12% SDSPAGE gel at 80 V for 2 h and 15min. Lane marked (M) is SDS marker proteins.
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Figure 4.14. Non-reducing SDS PAGE of lysozyme samples incubated for 48 h at the
conditions indicated. For samples in different lanes the following incubation conditions
were used: (3) 0 M osmolyte, 0 mM DTT (Fresh control sample), (5) 0 M osmolyte in
presence of 1mM DTT, (7) 1 M Betaine in presence of 1mM DTT, (9) 1 M DMG in
presence of 1 mM DTT, (11) 1M Sarcosine in presence of 1 mM DTT, (13) 1M Glycine
in presence of 1 mM DTT. All samples were incubated at 37 °C for 48 h before preparing
for non-reducing PAGE as detailed in method section. Samples were run on a 12% SDSPAGE gel at 80 V for 2 h and 15min. Lane marked (M) is SDS marker proteins.

After 48 hours of incubation, the dimeric population for both the 0 M osmolyte and that
for samples containing 1 M Betaine in presence of 1 mM DTT showed an increase in
relative amount of the protein (Figure 4.14). For these samples, a small population of
higher molecular weight species were also observed. This is most likely due to formation
of higher order aggregates via aberrant interaction and disulfide scrambling.
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4.5. Field Emission Scanning Electron Microscopy
Field emission scanning electron microscopy was used to characterize the morphology of
the protein aggregates formed after 4 hours and 48 hours of incubation (Figures 4.15,
4.16, and 4.17). The images show that lysozyme in presence of glycine-based osmolytes
form amorphous aggregates that look slightly different than the amorphous aggregates
formed in absence of osmolytes for proteins similarly incubated (Figures 4.16 and 4.17).
Since the aggregates appear to be amorphous at both 4 hours and 48 hours of incubation,
it can be concluded that these osmolytes do not alter the morphology of the protein at
least in the length of time samples are incubated. Figure 4.15 shows image of a control
lysozyme sample in the absence of both DTT and osmolyte. No aggregate is visible in
this sample thus proving that aggregates did not form in the absence of reducing agent.

Figure 4.15. 40 ȝM lysozyme incubated in absence of DTT or osmolytes for 4 h. A cold
field emission high-resolution Hitachi S-4700 scanning electron microscope was used
with an accelerating voltage of 5 kV and an emission current of 10 ȝ$. Scale bar = 50
ȝm.
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Figure 4.16. SEM images showing lysozyme (40 ȝM) aggregates observed in buffer
containing 1 mM DTT at 37 °C for 4 h in presence of indicated osmolytes (A) 0 mM
osmolytes (B) 1M glycine (C) 1 M sarcosine (D) 1 M DMG, and (E) 1M Betaine. Scale
bars are 10, 5, and 1 ȝm from left to right.
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Figure 4.17. SEM images showing lysozyme (40 ȝM) aggregates observed in
buffer containing 1 mM DTT at 37 °C for 48 h in presence of indicated osmolytes
(A) 1M glycine (B) 1 M sarcosine (C) 1 M DMG, and (D) 1M Betaine. Scale bars
are 10, 5, and 1 ȝm from left to right.
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5. Discussion
In general osmolytes protect proteins from environmental stresses to preserve their
functionality.1-9, 28 50 The mechanism by which most cosolvents protect proteins from
denaturing stressors is preferential hydration.10-15 Health foods, such as quinoa, spinach,
fish, and whole grain products naturally have a significant amount of osmolytes such as
betaine and glycine.51 These compounds are highly thermostable and survive the baking
process.52 53 As a result, consumers who eat these healthy foods ingest glycine-based
osmolytes regularly. Consuming regular amount of betaine have shown to have beneficial
influences on the human body, especially when exercising.54 55 Thiol-based antioxidants
are also ingested by consumers in order to improve their health.56 57 However, these
antioxidants can have deleterious effects if taken improperly. As, glycine-based
osmolytes exist at high concentrations in commonly ingested health food products, we
wanted to study the protective effect of these osmolytes on proteins against disulfidereducing agent.
We chose a series of glycine based osmolytes with varying N-methyl substitutions.
Glycine has no methyl group, sarcosine has one, di-methyl glycine (DMG) has two, and
betaine has three methyl groups attached to the amino terminal. Glycine, sarcosine, and
betaine are naturally occurring osmolytes whereas DMG is a synthetic compound. We
also chose dithiothreitol (DTT), a commonly used thiol based reducing agent in protein
stability and aggregation studies.41 All the studies discussed below had 0, 0.05, or 1 M of
osmolyte in buffer that had 1 mM DTT and was incubated for varying periods of time.
The pH and temperature of incubation were close to physiological (pH 7.2; temperature
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37 °C). The objective of this study was to determine if commonly consumed glycine
based osmolytes were able to provide protection to proteins (or contribute to
denaturation) when exposed to different concentrations of thiol based reducing agent. If
so, was it by directly binding (low concentration study at 0.05 M) or through preferential
hydration (high concentration study at 1 M)? It is well known and studied that when
proteins disulfide bonds are cleaved, the protein destabilizes and begins to unfold.35 As a
consequence of unfolding, hydrophobic core of the proteins opens up and gets solvent
exposed.41 This makes the protein sticky that can then self-associate or associate with
other proteins and cellular constituents leading to aggregation.58 59 We used UV-visible
absorbance spectroscopy and monitored proteins aggregation at 600 nm (Figures 4.1 to
4.4). This is a useful assay to monitor the protein aggregation as it denatures. The data
shows that when proteins are incubated in presence of 1 M osmolytes, the maximum
protection against aggregation is shown by glycine and sarcosine. DMG shows some
protection against aggregation but betaine fails to provide any protection against reducing
influence. This is interesting as betaine is a well-known stabilizer against thermal
denaturation but in this study it does not provide any protection from disulfide-reducing
agent. Previous studies have shown that betaine stabilizes proteins through a mechanism
called steric exclusion. However, in our experimental conditions (highly reducing) the
proteins fails to show any protection by betaine. This may be because as disulfide bonds
are reduced, proteins unfold and methyl substitutions instead of structuring water around
protein may be directly interacting with the proteins hydrophobic residues. However, to
conclusively determine this, further experiments would be required to determine its
affinity constant with the unfolded protein. Glycine and sarcosine (glycine has no methyl
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substitution and sarcosine has only one) were the best stabilizers. These may be providing
stability directly through well-known mechanism of preferential hydration. This
observation is further corroborated by the data presented in the intrinsic fluorescence
assay and the ANS extrinsic fluorescence assay (Figures 4.5. to 4.8 and 4.9 to 4.12). As
the protein denatures, fluorophore residues such as tryptophan and tyrosine become
exposed to the solvent thus allowing for detection via fluorescence measurements due to
wavelength shift in the emission spectra. ANS is used to monitor the changes in
hydrophobic exposure caused by protein unfolding. The greater the fluorescence
observed for ANS with protein, the more unfolded/loose state of the protein. In presence
of osmolyte we expect the water to structure better around the protein and as a
consequence see decrease in fluorescence. The quantum yield of the dye increases as it
comes in contact with a hydrophobic surface. All three spectroscopic techniques provide
complementary information into the stabilizing influences of these glycine-based
osmolytes. Low concentration of osmolytes (0.05 M) did not provide any measurable
protection from the denaturing influence of reducing agent. This suggests that these
osmolytes do not preferentially interact with the proteins.
We used non-reducing SDS PAGE to confirm presence of high molecular weight species
in protein samples incubated in presence of osmolytes (Figures 4.13 and 4.14). We
observed appearance of dimer and higher order aggregates for samples incubated in
presence of betaine that was in line with spectroscopic data suggesting no protection
against protein aggregation under disulfide-reducing influence. Dimethylglycine (has two
N-methyl substitutions) also showed appearance of dimer for 4 hour samples. This
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indicates that the osmolytes are not directing non-native disulfide bond formation but
betaine and dimethylglycine are failing to preferentially hydrate the protein enough to
maintain its native state or are directly interacting with the unfolded protein through their
methyl substitutions.
Scanning Electron Microscopy (SEM) imaging showed the morphology of the protein
aggregates. As data at 4 h and 48 h showed a major change in values for spectroscopic
measurements (both UV-vis absorbance and fluorescence); we imaged samples at these
two time points (samples incubated for 4 h and 48 h) to see their structural morphology
(Figures 4.16 and 4.17). Samples, both at 4 and 48 hours in presence of osmolytes
showed amorphous aggregates for each of the four osmolytes studied. Moreover, these
aggregates appear very similar to aggregates formed in the absence of osmolyte. This
suggests that osmolytes do not directly interact with protein or influence aggregation (if
initiated) pathway of the protein.
In summary, glycine and sarcosine showed increased protection against disulfide
reducing agent. Betaine and DMG did not show much protection against disulfidereducing influence. And, the amount of protection against reducing influence increases as
the number of methyl substitutions decrease on the osmolyte.
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6. Future Work
This section provides insight into opportunities for further investigation on the subject of
osmolyte stabilization influence vs. disulfide reduction.

6.1. Thioflavin T assay
There are many opportunities for the further investigation of the protective properties of
glycine based osmolytes against thiol-based antioxidants. The use of thioflavin T dye
using a similar protocol to the ANS extrinsic fluorescence assay outlined in section 3.2.4.
would provide insight on the nature of lysozyme aggregates. Thioflavin T is a wellestablished fluorescent dye used in many works to determine if a protein is amyloid in
nature. Even though the FESEM images provided evidence of the morphology of the
protein, thioflavin T would provide more detailed structural information; such as whether
glycine-based osmolytes of differing degrees of saturation influence the compactness of
protein aggregates.

6.2. Variety in osmolyte and reducing agent concentration
In this project, only two concentrations of osmolyte were investigated. Further
experimentation would involve investigating the protective properties of osmolytes
between 0.05 M and 1 M concentration. This information would allow us to determine if
there is a minimum concentration of osmolyte needed to protect a protein from
denaturation by thiol reducing agent.
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6.3. Investigation of other osmolyte
Future phases of this project would expand to investigating other frequently used
osmolytes and molecular crowders. In particular, trehalose, polyethylene glycols (PEGs),
and glycerol. These cosolvents are well established and have been investigated intently
for decades. However, there is little to no information on their influence on denaturation
via disulfide reduction.

6.4. Investigate osmolyte protection against reducing agents under extreme conditions
All experiments in this project have been under near-physiological conditions i.e. pH 7.2,
37 °C, and 150 mM NaCl. Evidence exists of osmolytes having different protection
properties at different pH, salinity, and temperatures. An important next step in this
investigation would be to modify the experimental environment to high and low
temperatures, higher salinity levels, and high and low pH values. This information would
provide useful information to drug industries that produce therapeutic proteins and the
food industry in order to better preserve food. This information would help biologists
better understand the mechanisms of osmolytes involved in extremophile homeostasis.
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6.5. Apply to other proteopathic proteins
Lysozyme was chosen in this experiment as a model protein since it behaves very well in
vitro and would provide minimal complications in this preliminary investigation. Once
the protective properties of osmolytes, in particular glycine-based osmolytes, are well
investigated then the ultimate goal for this project would be to apply these concepts to
other proteins. Consumers ingest thiol-based antioxidants as supplements which diffuse
into the circulatory system where they eventually come into contact with other proteins,
in particular hormones. Hormones, such as insulin, are small proteins that contain a high
concentration of disulfide bonds. Disulfide bonds, exposed to solvent, can be reduced
naturally by glutathione. Glutathione exists naturally in the human body; however,
consumers also ingest glutathione as a supplement to reduce oxidative stress. This
increased concentration of glutathione could have a negative impact on the stability of
proteins. Investigating the protective influence of glycine-based osmolytes on known
proteopathic proteins would be beneficial in understanding its unfolding mechanism in
vivo. This may even provide insight on the onset of certain neurodegenerative diseases.
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7. Conclusion
To conclude, glycine based osmolytes are able to protect lysozyme from disulfide
reduction to an extent. At near physiological conditions, these osmolytes are able to
preferentially hydrate the protein to an extent at both 1 mM DTT and 10 mM DTT. The
amount of aggregation was reduced as the number of N-methyl groups decreased. This
information indicates that in a disulfide reducing environment, the less methylated the
osmolyte (for glycine-based) the greater the solvent exclusion of the osmolyte. This was
confirmed through a series of assay of UV-vis absorbance measurements, and
fluorescence assay, both intrinsic and extrinsic with ANS. Non-reducing SDS-PAGE
confirmed the formation of aggregates for betaine and dimethylglycine in which betaine
especially mimicked samples not enriched by osmolyte. SEM imaging presented the
formation of amorphous aggregates, which did not change as incubation time increased.
These experiments provide an initial investigation into the protective properties of
glycine based osmolytes on proteins when exposed to disulfide reducing stressors. This
information can be applied to consumers ingesting an improper amount of thiol-based
antioxidants while consuming and using glycine based products.

58

8. References
1.

Stewart, G. R.; Lee, J. A., The role of proline accumulation in halophytes. Planta

1974, 120 (3), 279-89.
2.

Yancey, P. H.; Somero, G. N., Counteraction of urea destabilization of protein

structure by methylamine osmoregulatory compounds of elasmobranch fishes. The
Biochemical journal 1979, 183 (2), 317-23.
3.

Yancey, P. H.; Clark, M. E.; Hand, S. C.; Bowlus, R. D.; Somero, G. N., Living

with water stress: evolution of osmolyte systems. Science (New York, N.Y.) 1982, 217
(4566), 1214-22.
4.

Timasheff, S. N., Water as ligand: preferential binding and exclusion of

denaturants in protein unfolding. Biochemistry 1992, 31 (41), 9857-64.
5.

Somero, G. N., Protein adaptation and biogeography: Threshold effects on

molecular evolution. Trends in ecology & evolution 1986, 1 (5), 124-7.
6.

Brown, A. D.; Simpson, J. R., Water relations of sugar-tolerant yeasts: the role of

intracellular polyols. Journal of general microbiology 1972, 72 (3), 589-91.
7.

Yancey, P. H.; Somero, G. N., Methylamine osmoregulatory solutes of

elasmobranch fishes counteract urea inhibition of enzymes. Journal of Experimental
Zoology 1980, 212 (2), 205-213.
8.

Wang, A.; Bolen, D. W., A naturally occurring protective system in urea-rich

cells: mechanism of osmolyte protection of proteins against urea denaturation.
Biochemistry 1997, 36 (30), 9101-8.

59

9.

Baskakov, I.; Bolen, D. W., Time-dependent effects of trimethylamine-N-

oxide/urea on lactate dehydrogenase activity: an unexplored dimension of the adaptation
paradigm. Biophys J 1998, 74 (5), 2658-65.
10.

Lee, J. C.; Timasheff, S. N., The stabilization of proteins by sucrose. The Journal

of biological chemistry 1981, 256 (14), 7193-201.
11.

Arakawa, T.; Timasheff, S. N., Preferential interactions of proteins with salts in

concentrated solutions. Biochemistry 1982, 21 (25), 6545-52.
12.

Arakawa, T.; Timasheff, S. N., Stabilization of protein structure by sugars.

Biochemistry 1982, 21 (25), 6536-44.
13.

Arakawa, T.; Timasheff, S. N., Preferential interactions of proteins with solvent

components in aqueous amino acid solutions. Archives of biochemistry and biophysics
1983, 224 (1), 169-77.
14.

Arakawa, T.; Timasheff, S. N., The stabilization of proteins by osmolytes.

Biophys J 1985, 47 (3), 411-4.
15.

Bhat, R.; Timasheff, S. N., Steric exclusion is the principal source of the

preferential hydration of proteins in the presence of polyethylene glycols. Protein Sci
1992, 1 (9), 1133-43.
16.

Timasheff, S. N., Protein-solvent preferential interactions, protein hydration, and

the modulation of biochemical reactions by solvent components. Proceedings of the
National Academy of Sciences of the United States of America 2002, 99 (15), 9721-9726.
17.

Back, J. F.; Oakenfull, D.; Smith, M. B., Increased thermal stability of proteins in

the presence of sugars and polyols. Biochemistry 1979, 18 (23), 5191-6.

60

18.

Lin, T. Y.; Timasheff, S. N., On the role of surface tension in the stabilization of

globular proteins. Protein Sci 1996, 5 (2), 372-81.
19.

Gerlsma, S. Y., Reversible denaturation of ribonuclease in aqueous solutions as

influenced by polyhydric alcohols and some other additives. The Journal of biological
chemistry 1968, 243 (5), 957-61.
20.

Gekko, K.; Morikawa, T., Preferential hydration of bovine serum albumin in

polyhydric alcohol-water mixtures. J Biochem 1981, 90 (1), 39-50.
21.

Gekko, K.; Timasheff, S. N., Thermodynamic and kinetic examination of protein

stabilization by glycerol. Biochemistry 1981, 20 (16), 4677-86.
22.

Xie, G.; Timasheff, S. N., The thermodynamic mechanism of protein stabilization

by trehalose. Biophysical chemistry 1997, 64 (1-3), 25-43.
23.

Busby, T. F.; Ingham, K. C., Thermal stabilization of antithrombin III by sugars

and sugar derivatives and the effects of nonenzymatic glycosylation. Biochimica et
biophysica acta 1984, 799 (1), 80-9.
24.

Kaushik, J. K.; Bhat, R., A mechanistic analysis of the increase in the thermal

stability of proteins in aqueous carboxylic acid salt solutions. Protein Sci 1999, 8 (1),
222-33.
25.

Arakawa, T.; Bhat, R.; Timasheff, S. N., Preferential interactions determine

protein solubility in three-component solutions: the MgCl2 system. Biochemistry 1990,
29 (7), 1914-23.
26.

Timasheff, S. N., Protein hydration, thermodynamic binding, and preferential

hydration. Biochemistry 2002, 41 (46), 13473-82.

61

27.

Dunbar, J.; Yennawar, H. P.; Banerjee, S.; Luo, J.; Farber, G. K., The effect of

denaturants on protein structure. Protein Science : A Publication of the Protein Society
1997, 6 (8), 1727-1733.
28.

Arakawa, T.; Timasheff, S. N., The stabilization of proteins by osmolytes.

Biophysical Journal 1985, 47 (3), 411-414.
29.

Colombo, M. F.; Rau, D. C.; Parsegian, V. A., Protein solvation in allosteric

regulation: a water effect on hemoglobin. Science (New York, N.Y.) 1992, 256 (5057),
655-9.
30.

Bolen, D. W., Effects of naturally occurring osmolytes on protein stability and

solubility: issues important in protein crystallization. Methods (San Diego, Calif.) 2004,
34 (3), 312-22.
31.

Brems, D. N.; Brown, P. L.; Bryant, C.; Chance, R. E.; Green, L. K.; Long, H. B.;

Miller, A. A.; Millican, R.; Shields, J. E.; Frank, B. H., Improved insulin stability through
amino acid substitution. Protein Eng 1992, 5 (6), 519-25.
32.

Weiss, W. F. t.; Young, T. M.; Roberts, C. J., Principles, approaches, and

challenges for predicting protein aggregation rates and shelf life. J Pharm Sci 2009, 98
(4), 1246-77.
33.

5REHUWV&-.LQHWLFVRI,UUHYHUVLEOH3URWHLQ$JJUHJDWLRQௗ$QDO\VLVRI([WHQGHG

/XPU\í(\ULQJ0Rdels and Implications for Predicting Protein Shelf Life. The Journal of
Physical Chemistry B 2003, 107 (5), 1194-1207.
34.

Ollivier, B.; Caumette, P.; Garcia, J. L.; Mah, R. A., Anaerobic bacteria from

hypersaline environments. Microbiological Reviews 1994, 58 (1), 27-38.

62

35.

Creighton, T. E., Disulphide bonds and protein stability. BioEssays : news and

reviews in molecular, cellular and developmental biology 1988, 8 (2), 57-63.
36.

Deneke, S. M., Thiol-based antioxidants. Current topics in cellular regulation

2000, 36, 151-80.
37.

Michailidis, Y.; Karagounis, L. G.; Terzis, G.; Jamurtas, A. Z.; Spengos, K.;

Tsoukas, D.; Chatzinikolaou, A.; Mandalidis, D.; Stefanetti, R. J.; Papassotiriou, I.;
Athanasopoulos, S.; Hawley, J. A.; Russell, A. P.; Fatouros, I. G., Thiol-based
antioxidant supplementation alters human skeletal muscle signaling and attenuates its
inflammatory response and recovery after intense eccentric exercise. The American
Journal of Clinical Nutrition 2013, 98 (1), 233-245.
38.

Zeisel, S. H.; Mar, M. H.; Howe, J. C.; Holden, J. M., Concentrations of choline-

containing compounds and betaine in common foods. The Journal of nutrition 2003, 133
(5), 1302-7.
39.

Nayak, A.; Lee, C. C.; McRae, G. J.; Belfort, G., Osmolyte controlled fibrillation

kinetics of insulin: New insight into fibrillation using the preferential exclusion principle.
Biotechnology progress 2009, 25 (5), 1508-14.
40.

Ignatova, Z.; Gierasch, L. M., Inhibition of protein aggregation in vitro and in

vivo by a natural osmoprotectant. Proc Natl Acad Sci U S A 2006, 103 (36), 13357-61.
41.

Yang, M.; Dutta, C.; Tiwari, A., Disulfide-Bond Scrambling Promotes

Amorphous Aggregates in Lysozyme and Bovine Serum Albumin. The Journal of
Physical Chemistry B 2015, 119 (10), 3969-3981.
42.

Nagendra, H. G.; Sudarsanakumar, C.; Vijayan, M., An X-ray analysis of native

monoclinic lysozyme. A case study on the reliability of refined protein structures and a
63

comparison with the low-humidity form in relation to mobility and enzyme action. Acta
crystallographica. Section D, Biological crystallography 1996, 52 (Pt 6), 1067-74.
43.

Cleland, W. W., Dithiothreitol, a New Protective Reagent for SH Groups*.

Biochemistry 1964, 3 (4), 480-482.
44.

Holmgren, A., Thioredoxin catalyzes the reduction of insulin disulfides by

dithiothreitol and dihydrolipoamide. The Journal of biological chemistry 1979, 254 (19),
9627-32.
45.

Mesecke, N.; Terziyska, N.; Kozany, C.; Baumann, F.; Neupert, W.; Hell, K.;

Herrmann, J. M., A Disulfide Relay System in the Intermembrane Space of Mitochondria
that Mediates Protein Import. Cell 2005, 121 (7), 1059-1069.
46.

Likes, R.; Madl, R. L.; Zeisel, S. H.; Craig, S. A. S., The betaine and choline

content of a whole wheat flour compared to other mill streams. Journal of cereal science
2007, 46 (1), 93-95.
47.

Hawe, A.; Sutter, M.; Jiskoot, W., Extrinsic Fluorescent Dyes as Tools for Protein

Characterization. Pharmaceutical Research 2008, 25 (7), 1487-1499.
48.

Schellman, J. A., A simple model for solvation in mixed solvents. Applications to

the stabilization and destabilization of macromolecular structures. Biophysical chemistry
1990, 37 (1-3), 121-40.
49.

Singh, L. R.; Dar, T. A.; Rahman, S.; Jamal, S.; Ahmad, F., Glycine betaine may

have opposite effects on protein stability at high and low pH values. Biochimica et
biophysica acta 2009, 1794 (6), 929-35.

64

50.

Tiwari, A.; Bhat, R., Stabilization of yeast hexokinase A by polyol osmolytes:

correlation with the physicochemical properties of aqueous solutions. Biophysical
chemistry 2006, 124 (2), 90-9.
51.

Cho, E.; Zeisel, S. H.; Jacques, P.; Selhub, J.; Dougherty, L.; Colditz, G. A.;

Willett, W. C., Dietary choline and betaine assessed by food-frequency questionnaire in
relation to plasma total homocysteine concentration in the Framingham Offspring Study.
Am J Clin Nutr 2006, 83 (4), 905-11.
52.

Santoro, M. M.; Liu, Y.; Khan, S. M.; Hou, L. X.; Bolen, D. W., Increased

thermal stability of proteins in the presence of naturally occurring osmolytes.
Biochemistry 1992, 31 (23), 5278-83.
53.

Kaushik, J. K.; Bhat, R., Why is trehalose an exceptional protein stabilizer? An

analysis of the thermal stability of proteins in the presence of the compatible osmolyte
trehalose. The Journal of biological chemistry 2003, 278 (29), 26458-65.
54.

Trepanowski, J. F.; Farney, T. M.; McCarthy, C. G.; Schilling, B. K.; Craig, S.

A.; Bloomer, R. J., The effects of chronic betaine supplementation on exercise
performance, skeletal muscle oxygen saturation and associated biochemical parameters in
resistance trained men. Journal of strength and conditioning research / National Strength
& Conditioning Association 2011, 25 (12), 3461-71.
55.

Hoffman, J. R.; Ratamess, N. A.; Kang, J.; Rashti, S. L.; Faigenbaum, A. D.,

Effect of betaine supplementation on power performance and fatigue. Journal of the
International Society of Sports Nutrition 2009, 6, 7.
56.

Sen, C. K., Redox signaling and the emerging therapeutic potential of thiol

antioxidants. Biochemical pharmacology 1998, 55 (11), 1747-58.
65

57.

Offen, D.; Ziv, I.; Sternin, H.; Melamed, E.; Hochman, A., Prevention of

dopamine-induced cell death by thiol antioxidants: possible implications for treatment of
Parkinson's disease. Experimental neurology 1996, 141 (1), 32-9.
58.

Tsai, C. J.; Lin, S. L.; Wolfson, H. J.; Nussinov, R., Studies of protein-protein

interfaces: a statistical analysis of the hydrophobic effect. Protein Sci 1997, 6 (1), 53-64.
59.

Young, L.; Jernigan, R. L.; Covell, D. G., A role for surface hydrophobicity in

protein-protein recognition. Protein Sci 1994, 3 (5), 717-29.

66

Appendix
Data for 0 mM and 10 mM DTT were placed in the Appendix for the following reasons:
1) 1 mM DTT is a mild reducing conditions that may be equivalent of concentrations
reached due to over use of over-the-counter thiol-based antioxidants, 2) We expected to
see variability in protective power of osmolytes under conditions that are relatively mild.
Data obtained at 0 mM DTT served as a control, while data obtained at 10 mM DTT
represented extreme reducing conditions.
This appendix is broken down into four sections: 1. UV-vis Turbidity Supplemental data,
2. Intrinsic Fluorescence Supplemental Data, 3. ANS Extrinsic Fluorescence
Supplemental data. The figures within each section are organized first by concentration
of DTT used, i.e. 0mM DTT data then 10mM DTT data, and then by osmolyte used
(same order as Results section, i.e. glycine, sarcosine, dimethylglycine, betaine). Section
4 has a high contrast image of the gel Figures 4.14 and 4.15 showing the high molecular
weight species observed for the cross-linked proteins.
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A.1. UV-vis Turbidity Supplemental Figures

Figure A.1. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT
for the indicated periods of time. The plot for 4 h incubation is shown below the 168 h
incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure A.2. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM
DTT for the indicated periods of time. The plot for 4 h incubation is shown below the 168
h incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure A.3. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing
0mM DTT for the indicated periods of time. The plot for 4 h incubation is shown below
the 168 h incubation. Fraction of protein denatured was determined by UV-vis
absorbance at 600 nm. Error bars indicate ±SEM.
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Figure A.4. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT
for the indicated periods of time. The plot for 4 h incubation is shown below the 168 h
incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure A.5. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM
DTT for the indicated periods of time. The plot for 4 h incubation is shown below the 168
h incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure A.6. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM
DTT for the indicated periods of time. The plot for 4 h incubation is shown below the 168
h incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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Figure A.7. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing
10mM DTT for the indicated periods of time. The plot for 4 h incubation is shown below
the 168 h incubation. Fraction of protein denatured was determined by UV-vis
absorbance at 600 nm. Error bars indicate ±SEM.
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Figure A.8. UV-vis absorbance for lysozyme showing fraction denatured protein as a
function of time. Lysozyme was incubated at 37°C in the presence of varying
concentrations of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM
DTT for the indicated periods of time. The plot for 4 h incubation is shown below the 168
h incubation. Fraction of protein denatured was determined by UV-vis absorbance at 600
nm. Error bars indicate ±SEM.
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A.2. Intrinsic Fluorescence Supplemental Figures

Figure A.9. Intrinsic fluorescence measurements for lysozyme in presence of glycine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure A.10. Intrinsic fluorescence measurements for lysozyme in presence of sarcosine
(0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for the indicated periods
of time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure A.11. Intrinsic fluorescence measurements for lysozyme in presence of
dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for the
indicated periods of time at 37 °C. Fluorescence emission spectra was collected from
285-450nm with excitation at 280nm. Peak intensity at 346 nm were plotted as a function
of time. The plot for 4 h incubation is shown below the 168 h incubation. Error bars
indicate ±SEM.
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Figure A.12. Intrinsic fluorescence measurements for lysozyme in presence of betaine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure A.13. Intrinsic fluorescence measurements for lysozyme in presence of glycine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure A.14. Intrinsic fluorescence measurements for lysozyme in presence of sarcosine
(0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for the indicated periods
of time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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Figure A.15. Intrinsic fluorescence measurements for lysozyme in presence of
dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for the
indicated periods of time at 37 °C. Fluorescence emission spectra was collected from
285-450nm with excitation at 280nm. Peak intensity at 346 nm were plotted as a function
of time. The plot for 4 h incubation is shown below the 168 h incubation. Error bars
indicate ±SEM.

82

Figure A.16. Intrinsic fluorescence measurements for lysozyme in presence of betaine (0
M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for the indicated periods of
time at 37 °C. Fluorescence emission spectra was collected from 285-450nm with
excitation at 280nm. Peak intensity at 346 nm were plotted as a function of time. The plot
for 4 h incubation is shown below the 168 h incubation. Error bars indicate ±SEM.
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A.3. ANS Extrinsic Supplemental Figures

Figure A.17. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure A.18. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure A.19. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM
DTT for the indicated periods of time at 37 °C were carried out. Fluorescence emission
spectra was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471
nm were plotted as a function of time. The plot for 4 h incubation is shown below the 168
h incubation. Error bars indicate ±SEM.
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Figure A.20. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 0mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure A.21. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of glycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure A.22. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of sarcosine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT
for the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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Figure A.23. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of dimethylglycine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM
DTT for the indicated periods of time at 37 °C were carried out. Fluorescence emission
spectra was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471
nm were plotted as a function of time. The plot for 4 h incubation is shown below the 168
h incubation. Error bars indicate ±SEM.
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Figure A.24. ANS was used to monitor increase in hydrophobicity as a result of
lysozyme misfolding and aggregation. ANS fluorescence measurements for lysozyme in
presence of betaine (0 M, 0.05 M, or 1 M) in buffer (pH 7.2) containing 10mM DTT for
the indicated periods of time at 37 °C were carried out. Fluorescence emission spectra
was collected from 400-700 nm with excitation at 380 nm. Peak intensity at 471 nm were
plotted as a function of time. The plot for 4 h incubation is shown below the 168 h
incubation. Error bars indicate ±SEM.
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A.4. Non-reducing SDS PAGE gel Supplemental Figures

Figure A.25. This is high contrast image of the gel Figure 4.13 (page 45) showing the
high molecular weight species observed for the cross-linked proteins in lanes 5, 7, 9,
and 13. Non-reducing SDS PAGE of lysozyme samples incubated for 4 h at the
conditions indicated. For samples in different lanes the following incubation conditions
were used: (3) 0 M osmolyte, 0 mM DTT (Fresh control sample), (5) 0 M osmolyte in
presence of 1mM DTT, (7) 1 M Betaine in presence of 1mM DTT, (9) 1 M DMG in
presence of 1 mM DTT, (11) 1M Sarcosine in presence of 1 mM DTT, (13) 1M Glycine
in presence of 1 mM DTT. All samples were incubated at 37 °C for 4 h before preparing
for non-reducing PAGE as detailed in method section. Samples were run on a 12% SDSPAGE gel at 80 V for 2 h and 15min. Lane marked (M) is SDS marker proteins.
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Figure A.26. This is high contrast image of the gel Figure 4.14 (page 46) showing the
high molecular weight species observed for the cross-linked proteins in lanes 5, 7,
and 13. Non-reducing SDS PAGE of lysozyme samples incubated for 48 h at the
conditions indicated. For samples in different lanes the following incubation conditions
were used: (3) 0 M osmolyte, 0 mM DTT (Fresh control sample), (5) 0 M osmolyte in
presence of 1mM DTT, (7) 1 M Betaine in presence of 1mM DTT, (9) 1 M DMG in
presence of 1 mM DTT, (11) 1M Sarcosine in presence of 1 mM DTT, (13) 1M Glycine
in presence of 1 mM DTT. All samples were incubated at 37 °C for 48 h before preparing
for non-reducing PAGE as detailed in method section. Samples were run on a 12% SDSPAGE gel at 80 V for 2 h and 15min. Lane marked (M) is SDS marker proteins.
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